Introduction
============

Increasing evidence indicates that aberrant activation of the embryonic programme 'epithelial--mesenchymal transition\' (EMT) promotes tumour cell invasion and metastasis ([@b6]). EMT allows detachment of cells from each other and increases cell mobility, both of which are necessary for tumour cell dissemination. Metastases often recapitulate the differentiated phenotype of the primary tumour; therefore, EMT seems to be transiently activated by the inductive tumour environment at the invasive tumour edge, but is reversed in growing metastases ([@b8], [@b10]). Activators of EMT, such as transforming growth factor (TGF)β, tumour necrosis factor α (TNFα) and hepatocyte growth factor, are produced by infiltrating cells or the tumour cells themselves, and trigger expression of EMT-inducing transcriptional repressors ([@b27]). These include members of the Snail family, the basic helix--loop--helix family, Goosecoid and members of the ZFH family (zinc-finger E-box binding homeobox (ZEB)1 and ZEB2; [@b3]; [@b15]; [@b22]). Recently, we described that ZEB1 is a crucial EMT activator in human colorectal and breast cancer, and suppresses expression of basement membrane components ([@b24]) and cell polarity factors ([@b1]; [@b25]). Expression of ZEB1 promotes metastasis of tumour cells in a mouse xenograft model, indicating a role of ZEB1 in invasion and metastasis of human tumours ([@b25]).

MicroRNAs (miRNAs) are small non-coding RNAs that can silence their cognate target genes by specifically binding and cleaving messenger RNAs or inhibiting their translation ([@b4]). miRNAs regulate diverse cellular processes and some miRNAs have been shown to function as either tumour suppressors or oncogenes ([@b11]). Recent important examples are the oncogenic miR-10b, which promotes metastasis ([@b19]), and miR-335/miR-126, which suppress metastasis in breast cancer ([@b26]).

Owing to these important regulatory functions of miRNAs, it is of prime interest to know how their expression is regulated by upstream factors. Here, we address this point and focus on the activation and stabilization of EMT in cancer cells. We investigated whether aberrant expression of the crucial EMT activator ZEB1 and the control of potential EMT-regulatory miRNAs are linked and can synergize to promote malignant tumour progression.

Results
=======

ZEB1 directly suppresses transcription of miRNAs
------------------------------------------------

TGFβ and TNFα have been shown to induce an EMT in differentiated colorectal cancer cells ([@b5]). We observed activation of EMT in differentiated pancreatic (HPAF2), colorectal (DLD1) and breast cancer (MCF7) cell lines by TGFβ/TNFα. Thus, ZEB1 was a crucial intracellular transmitter of this EMT, as its expression was upregulated by both cytokines and its knockdown partly prevented EMT ([supplementary Fig 1A,B](#S1){ref-type="supplementary-material"} online). Direct epithelial target genes suppressed by ZEB1, such as E-cadherin, cell polarity factors and basement membrane components, have been described previously ([@b13]; [@b1]; [@b25]). Here, we investigated whether ZEB1 also affects expression of miRNAs and if detected miRNAs themselves are candidate regulators of EMT.

A miRNA expression microarray screen was used to analyse SW480 and HCT116 colorectal and MDA-MB231 breast cancer cell clones with stable short hairpin RNA-mediated knockdown of ZEB1 (shZEB clones) in comparison with control knockdown (shCtl) clones. We have shown previously that stable knockdown of ZEB1 in these clones led to a reversal of the fibroblastoid phenotype towards an epithelial differentiation in the sense of a mesenchymal--epithelial transition ([@b25]). Out of 743 human, rat and mouse miRNAs included on the microarray screen, we detected average upregulation (\>1.75-fold) after ZEB1 knockdown of 79 miRNAs (10.59%) in at least one cell line, 17 miRNAs (2.27%) in two cell lines and only 4 miRNAs (0.53%) in all three cell lines ([Fig 1](#f1){ref-type="fig"}; [supplementary Table 1](#S1){ref-type="supplementary-material"} online). The strongest effect was observed for the undifferentiated breast cancer cell line MDA-MB231. Notably, three of the four miRNAs upregulated in all cell lines (miR-141, miR-200b and miR-200c) belong to the highly conserved miRNA-200 family, which was recently linked to the induction of epithelial differentiation ([@b16]; [@b12]; [@b21]). Further analyses focused on miR-141 and miR-200c, which showed strongest upregulation after knockdown of ZEB1 in all three cancer cell lines.

The array data were validated by using real-time PCR for miR-141 and miR-200c, which showed a strong increase after knockdown of ZEB1 in undifferentiated pancreatic, colorectal and breast cancer cell lines ([supplementary Fig 1C](#S1){ref-type="supplementary-material"} online). Next, we investigated whether ZEB1 directly suppresses transcription of the *miR-141* and *miR-200c* miRNA genes. Both miRNAs map closely on human chromosome 12p13.31 and the stem--loop sequences are separated by only a 338-base-pair spacer sequence ([Fig 2A](#f2){ref-type="fig"}). This spacer and the putative promoter 600 bp upstream from the hsa-miR-200c stem--loop contain six putative binding sequences for ZEB1, two of which were restricted to ZEB factors (Z-box 1 and 2, CAGGTA). The remaining four were perfect E-boxes (E-box 1--4, CAGGTG), which, in addition to ZEB1, represent putative binding sites for other EMT activators, such as Snail factors. Note that the overall miRNA gene structure and the two Z-boxes, as well as E-box 2, are highly conserved in evolution from zebrafish to human ([Fig 2A](#f2){ref-type="fig"}). All the conserved ZEB1-binding sequences are located within the putative promoter, whereas the two E-boxes in the spacer sequence are not conserved. After cloning of the putative promoter (−683 to −67 relative to first nucleotide of the miR-200c stem--loop) and the spacer (+66 to +338) into a luciferase reporter vector, ZEB1-dependent activity was assessed. shRNA-mediated knockdown of ZEB1 in all undifferentiated colorectal, breast and pancreatic cancer cell lines tested resulted in an enhanced promoter activity when compared with shCtl cell clones ([Fig 2B](#f2){ref-type="fig"}, left). On the contrary, the promoter activity was suppressed by ZEB1 overexpression in a dose-dependent manner. Similar effects, although to a lesser extent, were also observed after Snail1 overexpression, which can bind to only two of the four potential ZEB1-binding sites within the putative promoter ([Fig 2B](#f2){ref-type="fig"}, middle). The expression level of ZEB1 had no significant effect on the transcriptional activity of the spacer sequence. Mutation of the two highly conserved Z-boxes showed that Z-box 2 confers the strongest repressive function by ZEB1 ([Fig 2B](#f2){ref-type="fig"}, right) and also made the promoter activity insensitive to stable knockdown of ZEB1 ([supplementary Fig 1D](#S1){ref-type="supplementary-material"} online). A direct binding of ZEB1 to the two conserved ZEB1 sites (Z-boxes) was shown by electromobility shift assay by using recombinant DNA-binding domain of ZEB1 and nuclear extracts from SW480 colorectal cancer cells ([Fig 2C](#f2){ref-type="fig"}). By applying chromatin immunoprecipitation (ChIP) with chromatin from SW480 or HCT116 colorectal cancer cells, we could show that endogenous ZEB1 binds to the native promoter region ([Fig 2D](#f2){ref-type="fig"}). These data indicate that the transcriptional repressor ZEB1 can directly suppress expression of both miR-141 and miR-200c by binding to their putative common promoter.

miRNAs targeted by ZEB1 are inhibitors of EMT
---------------------------------------------

Next, we investigated whether the two miRNAs suppressed by ZEB1 represent direct EMT regulators. We showed that miR-200c and miR-141 are strong inducers of an epithelial phenotype, which was also recently reported by other groups during the course of our work ([@b16]; [@b12]; [@b21]). Transient overexpression of both miR-141 and miR-200c resulted in the induction of epithelial differentiation of undifferentiated cancer cells ([Fig 3A](#f3){ref-type="fig"}; [supplementary Fig 2A,B](#S1){ref-type="supplementary-material"} online). In particular, the overall effect of miR-200c was comparable with the strong effect of ZEB1 knockdown. Notably, miR-200c, and to a lesser extent miR-141, also led to increased E-cadherin expression and cell--cell adhesion, as well as reduced spreading of normal human fibroblasts ([supplementary Fig 2C](#S1){ref-type="supplementary-material"} online). Overexpression of miR-200c strongly reduced cancer cell migration and invasion into Matrigel, indicating a potential inhibitory role in malignant tumour progression ([Fig 3B](#f3){ref-type="fig"}; [supplementary Fig 2D](#S1){ref-type="supplementary-material"} online). On the contrary, treatment of differentiated cancer cell lines HPAF2 and DLD1 with inhibitors of miR-200c, and to a lesser extent of miR-141, resulted in a mesenchymal transition as indicated by cell scattering, upregulation of vimentin and reduced expression of E-cadherin ([Fig 3C](#f3){ref-type="fig"}). Knowing that the breast cancer cell line MDA-MB231, which almost completely lost both miRNAs, is derived from a basal type of breast cancer, we analysed various types of human breast cancer. As predicted from using cancer cell lines, we confirmed that basal types of breast cancers, characterized by an undifferentiated phenotype and poor clinical prognosis, show reduced expression of both miRNAs compared with the common ductal invasive type of breast cancer ([supplementary Fig 2E](#S1){ref-type="supplementary-material"} online).

To explain further the mechanisms by which both miRNAs induce epithelial differentiation, we searched for putative target genes on the basis of the predicted mRNA recognition sequence of the conserved stem--loop sequences by using the TargetScan search programme ([@b17]). Notably, among the highest scored target genes for miR-200c were *ZEB1* and *ZEB2*, which confirms recent findings published during the course of our work ([@b16]; [@b12]; [@b21]). In addition, a putative target of miR-141 is TGFβ2, indicating that both miRNAs are functionally linked by affecting different members of the same EMT-inducing pathway. We further selected the putative target factors leptin receptor and cofilin 2 because they are known promoters of malignant tumour progression ([@b2]; [@b28]). The predicted miRNA binding sites in the 3′ untranslated region (UTR) were highly conserved during evolution ([Fig 4A](#f4){ref-type="fig"}; [supplementary Fig 3A](#S1){ref-type="supplementary-material"} online). We could show that overexpression of miRNAs led to reduced expression of ZEB1, TGFβ2 and the other candidate genes in undifferentiated cancer cells ([Fig 4B,C](#f4){ref-type="fig"}; [supplementary Fig 3B](#S1){ref-type="supplementary-material"} online). As predicted, miR-141 had the strongest inhibitory effect on TGFβ2 and miR-200c on ZEB1 expression, as shown by RNA and protein levels. On the contrary, treatment of differentiated cancer cell lines HPAF2 and MCF7 with inhibitors of miR-200c or miR-141 resulted in a change in the expression of characteristic genes, including an increase in ZEB1 and TGFβ2 expression ([supplementary Fig 3C](#S1){ref-type="supplementary-material"} online). A negative regulation of ZEB1 and TGFβ2 expression by miR-200c and miR-141 was indicated after cloning of their highly conserved, putative mRNA 3′UTR target sequences in a luciferase reporter vector. After transfection into SW480 shZEB1 clones with reduced ZEB1 and enhanced expression of both miRNAs, both reporters showed reduced luciferase activity in two independent shZEB1 clones compared with shCtl clones ([Fig 4D](#f4){ref-type="fig"}). Overexpression of miR-141 and miR-200c in SW480 cells led to a reduced activity of TGFβ2-3′UTR and ZEB1-3′UTR constructs, respectively ([Fig 4E](#f4){ref-type="fig"}). On the contrary, selective inhibition of miR-141 and miR-200c in SW480 shZEB1 cells by specific anti-miRNAs resulted in a selective increase in the activity of TGFβ2-3′UTR and ZEB1-3′UTR constructs, respectively ([supplementary Fig 3D](#S1){ref-type="supplementary-material"} online).

Discussion
==========

By applying a miRNA expression array screen for various human cancer cells, we detected several miRNAs suppressed by the EMT inducer ZEB1. The most prominent effect was on members of the miR-200 family. ZEB1 directly suppressed transcription of two members closely linked on human chromosome 12, miR-141 and 200c, by binding to at least two highly conserved sites in their putative promoter. In confirmation with the data published during the course of our work ([@b16]; [@b12]; [@b21]), the detected miRNAs induced a mesenchymal to epithelial transition (MET) and inhibited EMT, migration and invasion of undifferentiated cancer cells. We further identified putative target genes, which are known promoters of EMT and malignant tumour progression. One target of miR-200c is ZEB1 itself, indicating an EMT-enhancing feedforward loop in invading cancer cells. This regulatory loop might be stabilized further by downregulation of miR141, as one of its putative targets is TGFβ2. There is increasing evidence that ZEB1 has crucial effects on various processes of malignant tumour progression ([@b22]) and promotes metastasis ([@b25]). In the light of the important role of ZEB1 and other EMT inducers, such as Snail ([@b20]), Twist ([@b29]) and of EMT as a whole in tumour progression, our data, indicating that ZEB1 promotes an EMT-stabilizing feedforward loop by suppressing specific miRNAs, add functional evidence for the molecular mechanisms underlying these processes.

Our work addressed the clinically relevant question of how putative tumour-suppressive miRNAs can be inactivated in cancer progression. The fact that both the ZEB1 binding sites and the overall structure of the *miR-200c* and *miR-141* genes are highly conserved in vertebrates from zebrafish to human suggests that the tumour cells use a long-established regulatory mechanism of miRNA expression. Moreover, the second miRNA cluster of the miR-200 family on human chromosome 1p36 also contains highly conserved putative ZEB1 binding sites in the upstream sequence, indicating that the whole miR-200 family can be suppressed by ZEB1 ([supplementary Fig 3E](#S1){ref-type="supplementary-material"} online). In addition, both the strong transcriptional inhibition of the two miRNAs by ZEB1 and their putative tumour-suppressive effect were detected in tumour cell lines of various important cancer entities, namely pancreatic, colorectal and breast cancer. A clinical relevance is indicated by the fact that both miRNAs are lost in the highly aggressive basal type of breast cancer, which, in contrast to the luminal and ductal invasive type, is poorly differentiated, shows no expression of oestrogen and progesterone receptors, and has a worse clinical prognosis ([@b23]).

Both miRNAs affect the expression of different molecules, which all work in the same proinvasive manner, as is known for TGFβ2, ZEB1, cofilin and leptin receptor. The differential function of the two miRNAs can synergize, as they are coexpressed, possibly through coactivation by a common promoter. The intriguing fact is that both miRNAs inhibit members of their own repressing pathway: miR-200c targets ZEB1 and miR-141 targets TGFβ2. Thus, ZEB1 becomes a crucial regulator, as its aberrant expression in cancer might start a self-enhancing feedforward loop by downregulating its own inhibitors miR-141 and miR-200c ([Fig 4F](#f4){ref-type="fig"}). Moreover, if the initial signal breaks down (for example, tumour environmental TGFβ), such a loop might as well re-enforce expression of the miRNAs, thereby re-inducing an epithelial phenotype. This might explain the strong phenotypic heterogeneity often seen within individual tumours and metastases. Recently, [@b18] showed that ZEB1 is crucial for TGFβ-mediated EMT in various steps of organ development. This important role of ZEB1 points out that the predicted regulatory loop might also have a physiological role in separating mesenchymal from epithelial tissue in development and organogenesis.

In conclusion, we suggest that ZEB1 is a crucial promoter of tumour progression by reducing transcription of both mRNAs and miRNAs. Thus, ZEB1 is a central molecular regulator of a miRNA-mediated feedforward loop, which can re-enforce EMT.

Methods
=======

**miRNA expression microarray screen.** A 50 μg portion of total RNA including small RNAs isolated from 4 × 10^7^ cells using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) was shipped to Capital Bio (Beijing, China). An expression screening was carried out using CapitalBio Mammalian miRNA Array V2.0 containing 743 human, rat and mouse non-redundant miRNA probes. The microarray data have been deposited on ArrayExpress (<http://www.ebi.ac.uk/arrayexpress/>) with the accession code E-TABM-461.

**DNA constructs.** For the hsa-miR-200c promoter reporter plasmid nucleotides −683 to −67, and for the spacer reporter nucleotides +66 to +403 (relative to first nucleotide of miR-200c stem--loop) were cloned into pGL3basic (Promega, Mannheim, Germany). For the 3′UTR reporter plasmids, nucleotides +3,399 to +3,953 of human ZEB1 complementary DNA and nucleotides +1,427 to +1,695 of human TGFβ2 cDNA were amplified and cloned downstream of the luciferase gene in the pMIR-REPORT vector (Ambion, Austin, TX, USA).

**Cell culture and standard assays.** All cell lines were purchased from ATCC (Manassas, VA, USA). Standard cell culture, transient transfections, reporter assays, electromobility shift assays, immunoblots, transient short interfering RNA (siRNA)-mediated knockdown and quantitative real-time reverse transcription--PCR were carried out as described previously ([@b7], [@b9]; [@b14]). For TGFβ/TNFα stimulation 3 × 10^4^ cells per well were seeded in a 12-well plate, transfected at day 1 as indicated, and stimulated with 2 ng/ml TGFβ and 10 ng/ml TNFα for 5 days.

**Specific assays.** *miRNA modulation*: A total of 5 × 10^4^ cells per well were seeded in a 12-well plate. After 24 h, cells were transfected with 30 pmol oligonucleotides for miR-141, miR-200c or control miRNA-16 (Ambion, Austin, TX, USA) using Oligofectamine™ Reagent (Invitrogen, Carlsbad, CA, USA) for overexpression, or with 420 nM of specific anti-miRs (Ambion) for inhibition. Cells were cultivated for days before further use. Cell invasion was evaluated using the Chemicon Cell Invasion Assay Kit as described previously (Chemicon International, Millipore, Schwalbach, Germany), using 20,000 transiently (miRNA or siRNA) transfected cells.

*Cell migration assay*: Cells were transfected with miRNAs and controls as described (Spaderna *et al*, 2006). After reaching confluence, cells were scratched with a pipette tip and the migration potential was observed for up to 50 h.

*Quantitative real-time PCR for miRNAs*: RNA from cultured cells was extracted using the *mir*Vana™ PARIS™ Kit (Ambion, Austin, TX, USA). Total RNA of formalin-fixed, paraffin-embedded samples of breast carcinomas retrieved from the archives of the Department of Pathology, University of Erlangen was extracted after microdissection using the Total Nucleic Acid Isolation Kit for FFPE (Ambion, Austin, TX, USA). Specific quantitative real-time PCR experiments were carried out using TaqMan^®^ MicroRNA Assays for miR-141, miR-200c and control miRNA-16 (Applied Biosystems, Foster City, CA, USA) on a Roche LightCycler 480.

*ChIP analysis*: The ChIP IT kit (Active Motif, Carlsbad, CA, USA) was applied according to the manufacturer\'s instructions. A 3 μg portion of control rabbit antiserum or antisera against ZEB1 was used for immunoprecipitation.

For oligonucleotide sequences, plasmids and antibodies used in this study, see the [supplementary information](#S1){ref-type="supplementary-material"} online data.

**Supplementary information** is available at *EMBO reports* online (<http://www.emboreports.org>).
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![Knockdown of ZEB1 enhances expression of microRNAs. Growth patterns and staining for E-cadherin and β-catenin of characteristic short hairpin control (shCtl) and shZEB1 knockdown clones of breast (MDA-MB231) and colorectal (SW480 and HCT116) cancer cell lines used for the microRNA (miRNA) expression array screen. The mean relative ZEB1 expression levels of each two clones are indicated. The mean miRNA expression values (two hybridizations of each two independent sh control or shZEB1 clones per cell line) are shown. Knockdown of ZEB1 resulted in upregulation of the indicated miRNAs in all three cell lines. ZEB1, zinc-finger E-box binding homeobox 1.](embor200874-f1){#f1}

![ZEB1 directly suppresses transcription of miR-141 and miR-200c. (**A**) Schematic of the genomic organization of hsa-miR-141 and hsa-miR-200c on chromosome 12p13.31, and alignment of the highly conserved Z- and E-boxes. The putative ZEB1 binding sites, the cloned promoter and spacer sequence, as well as the region amplified for ChIP, are indicated. All numbers are relative to the start of the hsa-miR-200c stem--loop sequence. (**B**) Left panel: stable ZEB1 knockdown in the indicated undifferentiated colorectal (SW480), breast (MDA-MB231) and pancreatic (Panc-1) cell clones enhances the activity of the putative promoter, but does not or only weakly enhances the activity of the spacer sequence. The mean values of the corresponding short hairpin control (shCtl) clones were set to 1. Middle panel: overexpression of ZEB1 and to a lesser extent that of Snai1 in HCT116 cells repress the activity of the promoter but not the spacer sequence in a dose-dependant manner. The absolute transcriptional activity of the promoter was 55-fold higher than the activity of the spacer sequence. Right panel: mutations (mut) of the Z-boxes render the promoter less sensitive to suppression by ZEB1. (**C**) Electromobility shift assay using recombinant DNA-binding domain of ZEB1 (left panel) or nuclear extracts from SW480 colorectal cancer cells (right panel) and the indicated labelled probes. Mutation of the two conserved Z-boxes (Z1, Z2) strongly reduced the specific binding complex (asterisk). Three different antisera against ZEB1, but not control serum, supershifted (arrow) a specific complex (asterisk), which is missing in the mutated probes, indicating that it contains ZEB1. The known ZEB1-binding site of the interleukin-2 promoter (NRE) was used as a positive control. (**D**) ChIP with two different ZEB1 antisera shows *in vivo* binding of ZEB1 to the putative promoter in the indicated colorectal cancer cell lines. ChIP, chromatin immunoprecipitation; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; WT, wild type; ZEB1, zinc-finger E-box binding homeobox 1.](embor200874-f2){#f2}

![miR-141 and miR-200c induce mesenchymal--epithelial transition. (**A**) Overexpression of both microRNAs (miRNAs) in undifferentiated cancer cell lines induces a mesenchymal--epithelial transition, indicated by upregulation of E-cadherin (green), partial membranous translocation of E-cadherin and restoration of basal--apical polarity (see z-mode). The effect was stronger for miR-200c and comparable with the effect of a ZEB1 knockdown. (**B**) Upper panel: miR-200c suppressed migration of MDA-MB231 cells. Lower panels: picture and quantification of a Matrigel invasion assay. Transfection with miR-200c strongly suppressed invasion of MDA-MB231 into Matrigel, comparable with short interfering (si) RNA-mediated knockdown of ZEB1. (**C**) Differentiated cancer cell lines transfected with miRNA inhibitors against miR-141 and miR-200c show increased cell scattering, upregulation of vimentin (HPAF2) or reduced expression of E-cadherin (DLD1). By contrast, the epithelial phenotype induced by stable knockdown of ZEB1 (SW480 shZEB1) cannot be reversed by miRNA inhibitors. sh, short hairpin; ZEB1, zinc-finger E-box binding homeobox 1.](embor200874-f3){#f3}

![miR-141 and miR-200c reduce expression of factors promoting epithelial--mesenchymal transition and invasion. (**A**) Predicted duplex formation of TGFβ2 3′UTR with the miR-141 stem--loop and of two ZEB1 3′UTR regions with the miR-200c stem--loop. The putative recognition sites are highly conserved among various species. (**B**) Real-time reverse transcription--PCR of various putative target factors after transfection of the indicated miRNAs or short interfering (si) RNA in undifferentiated cancer cells. Note strongest reduction of TGFβ2 expression after miR-141 transfection and that of ZEB1 after miR-200c transfection. (**C**) Confirmation of the results on protein levels by immunoblots. (**D**) Luciferase reporter assay showing reduced activity of 3′UTR-luciferase reporter constructs in the indicated SW480 short hairpin ZEB1 (shZEB1) clones with increased levels of miR-141 and miR-200c compared with shCtl clones. (**E**) Overexpression of miR-141 and miR-200c in SW480 cells leads to decreased activity of TGFβ2 3′UTR-luciferase and ZEB1 3′UTR-luciferase constructs, respectively. (**F**) Model of a feedforward loop linking ZEB1 and counteracting miRNAs, in particular miR-200c. As ZEB1 and both miRNAs repress each other, they are linked in a feedforward loop. Depending on the initial signal, this loop could stabilize either mesenchymal or epithelial differentiation. In tumours, environmental TGFβ could trigger upregulation of ZEB1, promoting a self-enhancing loop in tumour cells, finally resulting in EMT and invasion. Once the initial signal breaks down, the loop could induce a reversal of the epithelial phenotype. This might explain the strong phenotypic heterogeneity often seen within individual tumours and metastases. EMT, epithelial--mesenchymal transition; MET, mesenchymal--epithelial transition; miRNA, microRNA; TGF, transforming growth factor; UTR, untranslated region; ZEB1, zinc-finger E-box binding homeobox 1.](embor200874-f4){#f4}

[^1]: These authors contributed equally to this work
